Plasma formation and extraction processes in silicon n + np + TRAPATT (TRApped Plasma Avalanche Triggered Transit) diodes were simulated. The drift-diffusion model was chosen for the simulation of the processes. This model is adequate for diodes under consideration with a total thickness of 6.5 µm. Two approximations of carrier diffusion coefficient dependence on the electric field above 20 kV/cm were used. A strong dependence of plasma density and oscillation period on n + n junction steepness was found in the case of a constant electron diffusion coefficient in the electric field range above 20 kV/cm. This behaviour depends on the impact ionization model in silicon. Two models were used. In one of them we included drift and diffusion current in the impact ionisation process. In the other model we included only the drift current in the impact ionisation process. In the second case the influence of the n + n junction steepness on the plasma formation process is much stronger. In the diodes with a highly abrupt n + n junction the TRAPATT mode is impossible. These results explain our experiments on TRAPATT diodes with an abrupt n + n junction.
Introduction
The operation of an avalanche diode in TRAPATT mode is possible exclusively in the case of a large signal. Due to a very large amplitude (compared to direct current) of voltage and current oscillation, a microwave generator with a TRAPATT diode can generate large power with high efficiency [1] . Because of a very strong nonlinearity of the TRAPATT diode, the current and voltage contain high order harmonics of up to 7 or 10. This allows to us generate not only sinusoidal oscillations on the microwave load, but triangular pulses with sub-nanosecond duration as well. This feature of the TRAPATT diode may be utilised in modern radar systems with a non-sinusoidal carrier. Our experiments show that a typical TRAPATT diode with a static breakdown voltage of about 90 V and a p + n junction diameter of 250 µm generates triangular pulses with a 100 V amplitude and a 0.3 ns duration on a 50 Ohm load [2, 3] . On the load of 5 Ohm the generator provides a current of 6.3 A. This feature is very useful for the direct modulation of a powerful laser diode with a gigabit per second rate.
Despite the fact that TRAPATT diodes were invented many years ago [4] , the plasma formation and extraction processes in these diodes are not well understood. In particular, this applies to the carrier diffusion influence on the plasma formation in the high electric field region (50-200 kV/cm). A relatively high punch-through factor (F = 3-5) of TRAPATT diodes leads to a high electric field in n + n interface and to a high initial current for the beginning of dynamic avalanche breakdown. As a result, we have lower carrier density in trapped plasma and a more rapid plasma extraction. The value of the initial current depends on the n + n junction steepness [5] and the electron diffusion coefficient in that junction. Thus the knowledge of the value of the electron diffusion coefficient in the abovementioned electric field range is very important. However, well-known experiments provide us with data for the electron diffusion coefficient in silicon in the electric field range below 50 kV/cm [6] . These data show that the electron diffusion coefficient decreases with the increase of the electric field in the range below 20 kV/cm. In the range of the electric field between 20 and 50 kV/cm the electron diffusion coefficient is almost constant. We assume in our calculations that the electron diffusion coefficient remains constant in the electric field range above 20 kV/cm. Quite often in avalanche diode simulation the authors use another approximation: the electron diffusion coefficient decreases with the increase of the electric field above 20 kV/cm [7] . Our calculations show that these two approximations give us quite different results in the diodes with an abrupt n + n junction.
Another problem is the calculation of the carrier generation term due to impact ionisation. Two approaches are usually used. In one of them the carrier generation term due to impact ionisation includes the total particle current density (drift plus diffusion) [7] [8] [9] [10] . In the second approach the carrier generation term includes only the drift current density [11] . We could not find any papers in which computer simulation of TRAPATT diodes uses the second approach. The main purpose of our work is the simulation of plasma formation and extraction processes in a silicon n + np + TRAPATT diode using the second approach for the calculation of the carrier generation term due to impact ionisation and comparison with the results obtained when using the first approach. The differences between the results of these two approaches depend on the n + n junction steepness.
TRAPATT diode model
The doping distribution in the n + np + TRAPATT diode with various steepness of the n + n junction is shown in Fig. 1 . Donor N d (x) and acceptor N a (x) distribution is approximated by a well-known function erfc(x):
where x is distance, N d0 = N a0 = 5 · 10 18 cm -3 , N d1 = 2.4 · 10 15 cm -3 , x a = 6.1 µm, l a = 1.14 µm, l d = (10 -2 -0.8) µm, w = 6.5 µm. For computer simulation of the TRAPATT diode we used a one dimension drift-diffusion model based on continuity equations for electrons and holes and Poisson's equation:
where t is time, n is electron density, p is hole density, E is electric field intensity, J n , J p is electron and hole current density normalised to electronic charge, G is charge generation term due to impact ionisation, R is hole electron generation and recombination term, q is electronic charge, ε = 12, ε 0 = 8.85 · 10 -14 F/cm. . For D n and D p we used two approaches. In the first approach we used approximations from [7] for the whole electric field range: 
For the generation term G we used two approaches as well. In the first approach [7] [8] [9] [10] 
where J n and J p include both drift and diffusion parts of particle current density (Eqs. (2.11) and (2.12)). In the second approach [11] ( ) ( )
where the diffusion part of particle current density is omitted. Ionisation coefficients for electrons and holes are represented by well-known expressions:
where a n = 3. , b p = 3.26 · 10 6 V/cm. The hole electron generation and recombination through defects are represented by a ShockleyRead-Hall single-level model which characterises defects with neutral and single-charge states. The generation recombination rate through a singlelevel centre is given by
where n i is intrinsic particle density, τ n = τ p = 10 -9 s, n t , p t is electron and hole density in the conduction band when the Fermi level coincides with the energy level of the single-level trap, n t = p t = 10 14 cm -3 . At the boundary, it is assumed that the surfacestate density is high enough so that the surface recombination velocity is infinite and the semiconductor is very extrinsic. Hence, the particle density at the boundary is [8] :
The electric field on the left or the right boundary is calculated by solving the total current equation:
All calculations were made assuming a constant total current.
Initial conditions for n, p and E are calculated by solving Poisson's equation in equilibrium: (2.27) where , φ F is Fermi potential, φ Fi is Fermi potential in the intrinsic semiconductor, φ T = K • T/q. Then the electron and hole density are represented as follows:
The electric field 
The computer simulation method
In this numerical method, a well-known timespace mesh [8] is chosen to derive the difference equations. The diode is divided into i w partitions. If needed, Δx i = x j+1 -x j varies in space. The electron density, hole density, and doping density are defined at both ends of each partition at points j. There are j w = i w + 1 such points. In the middle of two j points, there are i points. The electric field intensity, particle current density, and those material parameters which are functions of the electric field intensity are defined at these i points. For the particle current densities in points i we used slightly modified Gummel and Scharfetter [7] expressions:
Continuity equations for electrons and holes derived in difference form according to the timespace mesh were solved using the flow sweep method [12, 13] . For flow variables we used particle currents J ni and J pi . When solving the continuity equation for electrons at the (k + 1)th time step we used the hole density and the electric field intensity from the kth time step. After that we used the calculated electron density at the (k + 1)th time step to obtain the hole density at the same time step. Finally we used the calculated electron and hole density to obtain the electric field intensity at the (k + 1)th time step by solving Poisson's equation. A self-consistent solution for the electron and hole density and the electric field intensity at the (k+1)th time step is obtained after finishing the iteration process. Usually 2-4 iterations are needed.
The nonlinear equation (2.27) was solved by using the Newton iteration method. The difference equations after linearization at each iteration step were solved by a well-known sweep method. Usually 5-7 iterations were needed.
The computer simulation results
The typical voltage oscillation on the TRAPATT diode (total current density J = const) is shown in Fig. 2 . Due to a large punch-through factor of the TRAPATT diode all active (n) region is depleted at a relatively low voltage. In our calculation we used the initial (t = 0) diode voltage 18.5 V. At t = 0 we applied the constant total current density J = 3 kA/cm . Thus, almost the whole current is the displacement current and we have the electric field increasing at a constant rate. This process is very similar to capacitor charging by the constant current. As we can see in Fig. 2 ) in a low electric field (600-700 V/cm). Almost in the whole active region n -p = N d , which indicates electron-hole-ionised donor plasma. The next process is the plasma extraction in the low field. During this process (100-120 ps) the diode voltage increases from 1-2 V to about 10 V. The carrier density in the active region is very low after plasma extraction. So, almost the whole current is the displacement current. The diode voltage increases again and the next oscillation period begins. The oscillation period depends on plasma extraction time. It depends on carrier density in plasma and the applied total current density. Larger current density leads to a more rapid increase of diode voltage, a higher voltage maximum, and a more intensive impact ionisation process. As a result we have denser electron-hole plasma and a prolonged plasma extraction process. Thus, the oscillation period increases with the total current density increase.
The diode voltage maximum and plasma density depend on the initial particle current density in the beginning of the impact ionisation process. A more intensive initial particle current density leads to diode voltage maximum and plasma density decrease. In silicon the impact ionisation coefficient of electrons α(E) is about ten times greater than the corresponding coefficient of holes β(E). Thus, the electrons play the main role at least in the beginning of the impact ionisation process. The generation term for electrons G = α(E) |J n | (the first approach) or G = α(E) |nv n | (the second approach). Our calculations show that the generation term maximum is in the n + n interface because the electron density decreases and the electric field intensity increases with distance (Figs. 3-5) . In all these figures we can compare the generation rate when using the first approach (Figs. 3a, 4a, 5a ) and the second approach (Figs. 3b, 4b, 5b) . The generation rate is more than ten times higher in the case of the second approach. It can be explained as follows: the electron drift current flows in the positive x direction and the electron diffusion current flows in the opposite direction (∂n/∂x < 0), so the total electron current is less than the electron drift current, which we use for the generation rate in the second approach. The initial electron current density and the corresponding generation rate depends on the parameter l d , which describes the n + n junction steepness. A higher l d corresponds to a less abrupt n + n junction (Fig. 1) . The n + n junction steepness parameter l d = 0.1 µm in Fig. 3 and l d = 0.4 µm in Fig. 5 . The generation rate in Fig. 3 is more than three orders of magnitude greater than in Fig. 5 . It can be explained as follows: in Fig. 5 we have a relatively large l d and a shallow n + n junction. This leads to shallow electric field distribution and relatively low electric field intensity at the maximum of the generation rate. This maximum depends on α(E) which strongly decreases with the electric field intensity decrease.
The generation rate depends on the electron diffusion coefficient D n in the high electric field region (50-200 kV/cm). The first approach for D n leads to a very low D n in the electric field range mentioned above. Thus, we have almost abrupt electron density distribution in the n + n junction (Fig. 4) . As a result, electron density at the point of the generation rate maximum is relatively low and the corresponding initial current density is low as well. The generation rate in Fig. 5 is more than four orders of magnitude lower than in Fig. 3 . We assume that the first approach for carrier diffusion coefficient is not correct.
Carrier density distribution in the TRAPATT diode at various moments of time (t = 10; 30; 80 ps) is shown in Figs. 6 and 7. Figures 6a and 7a correspond to the first approach for the generation rate and Figs. 6b and 7b correspond to the second approach for the generation rate. According to the results discussed earlier the most intensive charge generation is localised in the n + n interface. Hole density increases with time. The main part of holes move to the right, the hole density in the active layer increases. Another part of holes move to the n + region due to diffusion. The accumulation of holes in the n + region changes the initial current for the next period of voltage oscillation. It will be shown later that such change of the initial current leads to the aperiodic oscillation of the diode voltage in some cases. The hole density in Fig. 6(a, b) differs dramatically, by about three orders of magnitude. This difference in the diode with a shallow n + n junction (Fig. 7) is of only two orders of magnitude. In the diode with a shallow n + n junction the electric field shape is shallow as well. The electric field intensity in the n + n interface is low, the generation rate is low and the corresponding hole density is about five orders of magnitude lower than in the diode with an abrupt n + n junction (Fig. 6) . According to the foregoing analysis the shape of the diode voltage oscillation depends on the n + n junction steepness, the approach for the generation rate, and the electron diffusion coefficient (Figs. 8-12 ). The most different results between the two approaches for the generation rate is in the diode with the abrupt n + n junction (l d = 10 -2 µm, Fig. 8a ) when using the second approach for the electron diffusion coefficient. Including diffusion in the generation rate leads to the classical voltage oscillation with plasma formation and extraction processes. The second approach for the generation rate leads to the relaxation oscillation with a low amplitude and a frequency that is more than two times higher. We have no plasma formation in the diode. So, in this case the TRAPATT mode is impossible. Our experiments on TRAPATT diodes show that structures with l d less than 0.1 µm cannot operate in TRAPATT mode. This experimental fact allows us to assume that the second approach for the generation rate is more correct than the first one. Figure 8b) indicates that plasma formation in the diode with an abrupt n + n junction is possible only in case of the first approach for the generation rate. In case of the second approach we have relaxation oscillation with a relatively large amplitude. Increasing l d to the value of 5 · 10 -2 µm (Fig. 9a) shows similar results to that in Fig. 8(a) . However, in case of the first approach for D n and D p (Fig. 9b) plasma formation in the diode is possible even in case of the second approach for the generation rate. This is contrary to the experimental data. As a result we conclude that the first approach for D n and D p is not correct.
Quit periodic oscillation of the diode voltage is shown in Fig. 10 . Periodic oscillation indicates that the initial current is the same at the beginning of each oscillation period. Thus, the accumulation of holes in the n + region is very small. Excluding diffusion in the generation rate leads to a higher initial current, lower diode voltage maximum, and lower electron-hole plasma density. As a result we have a more rapid plasma extraction and a higher oscillation frequency.
Differences between the two approaches for the generation rate decrease with l d increase. The diode voltage oscillation in case of l d = 0.4 µm is shown in Fig. 11 . The duration of the first period for both approaches differs only by 20 per cent. The diode voltage oscillation is slightly aperiodic due to the hole accumulation in the n + region. The most intensive hole diffusion to the n + region occurs during the plasma extraction period. Afterwards the plasma extraction holes return to the active layer by diffusion process. The initial current for the next oscillation period increases due to extra hole density in the depleted active layer. This process plays the most important role in the diode with a shallow n + n junction. In Fig. 12 we have the diode voltage oscillation in case of l d = 0.8 µm. The diode voltage oscillation is extremely aperiodic. The plasma formation occurs only in the first period of oscillation. The duration of the plasma extraction period is small because of the thin active layer in the diode with a shallow n + n junction.
Conclusions
Plasma formation and extraction processes in silicon n + np + TRAPATT diodes were simulated. Two approaches for the carrier diffusion coefficient in the electric field range above 20 kV/cm were used. The first approach leads to a very low carrier diffusion coefficient and almost abrupt carrier density distribution in the high electric field region. When using this approach the plasma formation process is possible in the diodes with an abrupt n + n junction (l d < 0.1 µm) which is contrary to the experimental data. We assume that the second approach in which the carrier diffusion coefficient is constant in the electric field range above 20 kV/cm is more correct than the first one. Two approaches were used for the calculation of the charge generation rate due to impact ionisation as well. The most different results for these two approaches are for the diodes with an abrupt n + n junction. The first approach includes both drift and diffusion current density in the generation rate and allows the TRAPATT mode even in the diode with l d = 10 -2 µm. Experimental data show that the TRAPATT mode in such diodes is impossible. The second approach includes only drift current density in the generation rate and coincides with experimental data. Thus, we assume that the second approach for the generation rate is more correct. 
